Abstract-In this paper, we use the Bloch theorem and transfer matrix method to calculate the dispersion relation of a ternary 1D photonic crystal with left-handed materials. Then, we obtain the total omnidirectional reflection band gaps of this structure. We demonstrate that the omnidirectional reflected frequency bands are enlarged in comparison with ordinary materials with positive index of refraction.
INTRODUCTION
Photonic crystals (PCs) are novel class of optical media represented by natural or artificial structures with periodic modulation of refractive index [1] [2] [3] [4] [5] [6] [7] . They can prohibit the propagation of electromagnetic waves within a certain frequency range so the light can be totally reflected. Such forbidden bands are called Photonic Band Gaps (PBG) which is similar to the electronic band gaps for electrons in semiconductors [8, 9] . PCs has many interesting applications such as filters, optical switches, light-emitting diodes (LEDs) [10] , fibers [11] wave guides [12, 13] etc. 1D photonic crystals are dielectric structures which optical properties changed in one direction is called the axis of periodicity, while in two other directions, the structure is uniform [2] .
The periodic medium acts as a perfect mirror, totally reflecting wave incident from any direction and with any polarization under the certain conditions. An omnidirectional dielectric mirror (also known as a 1D photonic band gap crystal) exhibit 100% reflectivity at all angles of incidence and for all states of incident polarization. Unlike metallic mirrors which absorb a small fraction of incident optical power, dielectric reflectors are lossless. We can enhance the total reflection frequency range by choosing the proper refractive index, thickness of layers and by using the photonic heterostructures [14] [15] [16] [17] [18] .
Left-handed materials are artificial composites with simultaneously negative permittivity ε and permeability µ [19] [20] [21] . In these materials the direction of Poynting vector S = E × H is opposite to the wave vector k, so the wave vector and refractive index should be negative and k, E and H form a left-handed set of vectors [22] [23] [24] . The omnidirectional reflection bands of a binary PC with alternate right and left-handed materials were investigated by Srivastava and Ojha in 2007 [16] .
Here we use a ternary 1D photonic crystal in which a left-handed layer PC (LHM) is sandwiched by two dielectric layers to calculate the dispersion relation. Using the dispersion relation, we plot the band structures of this material and compare with an ordinary structure with positive refractive index layer PC (RHM) in different angles for both polarizations. Then, we plot the reflectance spectra of two types of structures and demonstrate that the omnidirectional total reflected frequency bands of PC (LHM) are enhanced in compared with PC (RHM).
CALCULATION OF DISPERSION RELATION
Assuming a plane electromagnetic wave incident on 1D photonic crystal as we have shown in Figure 1 , where n 1 , n 2 and n 3 are the refractive indices, Using Maxwell's equations we obtain Helmholtz equation for the periodic structure as [14] .
where ε r and µ r are relative permittivity and relative permeability, respectively. The electric field of proposed wave is the function of x and z, [14] ,
Substituting (2) in (1) we obtain the electric field within each layer of unit cell for TE polarization as
where
is the wave number of each layer, β i = n i ω c sin θ i is the wave number along x axis, n i = − √ ε i µ i is refractive index for the left-handed material, ε i and µ i are the permittivity and permeability of each layer, respectively, θ 1 , θ 2 and θ 3 are the incidence angles in the layers corresponding to refractive indices. These are related to each other by using Snell's law in air and the first layer of unit cell as
The magnetic field vector H can be obtained along x-axis via Maxwell's equation as
The coefficients A 1 , B 1 , C 1 , D 1 , E 1 and F 1 are related through the continuity conditions at the interfaces
These continuity conditions lead to the matrix of each layer of unit cell as
In Equation (6) 
are for TE polarization and
The transfer matrix of unit cell is given by
If all unit cells were identical and by assuming the system is lossless, we can obtain the reflectance of the whole system as [2] 
here N and R are number of layers and intensity reflectance of unit cell respectively. The reflectance R can be calculated by
According to the Bloch theorem [2, 25] , a wave propagating in a periodic medium is of the form
and k is known as Bloch wave number. To determinate k, we can find relation between the electric field amplitudes of nth and (n−1)th layer as [25] A
From the continuity conditions, we can also obtain [2] A n−1
From Equations (12) and (13), we obtain
Equation (14) shows an eigenvalue problem, with eigenvalue e −ikΛ . By solving this equation, we can obtain the dispersion relation as
So, the dispersion relation of a ternary 1D PC with a negative index of refraction layer PC (LHM), is
The refractive index of second layer is negative n 2 < 0 hence its wave number is also negative k 2 < 0. 
BAND STRUCTURES
In this section we plot the band structure of two types of photonic crystals PC (LHM) and PC (RHM) for both polarizations TE and TM under the different incident angles by using the dispersion relation. We consider a structure with the characteristics n 1 = 1.35, n 2 = −3.6 [16] ,
8 µm and N = 10 for PC (LHM) for TE polarization, and for PC (RHM) n 2 = 3.6 and the other parameters remain unchanged. The frequency range is considered from 0 to 1.5 × 10 14 for all figures. By using the profiles of dispersion relation, we can determine that how the electromagnetic wave can propagate and where the band gaps exist in PC. These comparisons between the reflectivity and dispersion relation are shown in Figure 2 for normal and oblique incident, (θ = 45 • ) in the PC (LHM).
As we observe from dispersion relation profiles in Figure 2 (the dotted lines), the range of frequency where the dispersion relations are discontinuous correspond to photonic band gaps so that no propagating modes exist, and in the regions the dispersion relation are continuous, we have propagating modes (wave number) for each frequency.
As we observe from Figures 3 and 4 , we conclude that for the structure PC (RHM) there are five band gaps in the considered range of frequency, while for PC (LHM) there are two band gaps. The band gaps of PC (LHM) are larger than the band gaps of PC (RHM).
OMNIDIRECTIONAL REFLECTION
To show the total omnidirectional reflection, we plot the reflectance spectra of two types of structures PC (LHM) and PC (RHM) for both polarizations TE and TM in Figures 5 to 8 under the different incident angles. We understand from figures that PC (LHM) has much wider band gaps than PC (RHM) for all incident angles, so using the left-handed layer can enhance the band gap widths. From Tables 1 and 2 it is clear that, the omnidirectional total reflection frequency for PC (RHM) in 11.395×10 13 while for PC (RHM) there is an omnidirectional reflection frequency at the second band gap in 5.227 × 10 13 to 5.482 × 10 13 . We calculate the band gap widths of these structures in Tables 1 and 2 . We show the omnidirectional reflection bands for the first and second band gap of two structures and the variation of band gap width versus incident angles in Figures 9 to 10 .
As we understand from these figures the calculated left and right band edges of the first and the second band gaps are increased by increasing the incident angle for both polarization TE and TM for two structures PC (LHM) and PC (RHM).
CONCLUSION
We calculated the dispersion relation for ternary PC (LHM). Using dispersion relation we plotted the band structures for both structures PC (LHM) and PC (RHM) under the different angles in TE and TM polarizations. We understood that the PC (LHM) has wider band gaps than PC (RHM). Furthermore, by increasing the incident angle, the bands are shifted toward the larger frequencies. We concluded that the omnidirectional reflection bands of PC (LHM) are larger than PC (RHM). Our results also showed that the calculated left and right band edges of the first and the second band gaps are increased, as the incident angle for both polarization TE and TM for two structures PC (LHM) and PC (RHM) is increased. Moreover this variation is deeper for TM polarization than TE polarization. In general, using lefthanded material in photonic crystals can enlarge the omnidirectional band gaps.
